Abstract: A novel model-free Adaptive Wavenet PID (AWPID)-based controller for enabling an Unmanned Aircraft System (UAS) to transport a cable suspended load of unknown characteristics is presented. The control design enables the UAS to perform a trajectory tracking task, based solely on the knowledge of the UAS position. The methodology is based on a novel framework, which identifies inverse error dynamics using a Wavelet Neural Network (WNN) with daughter Mexican hat wavelets activation functions. A real-time load transportation task consisting of a multi-rotorcraft UAS carrying a cable suspended load of unknown characteristics validates the effectiveness of the trajectory tracking control strategy, showing smooth control signals even when the dynamic model of the UAS and the load characteristics are not known.
INTRODUCTION
The quad rotorcraft is an Unmanned Aircraft System (UAS) platform capable of executing vertical take-off and landing, hovering, and omnidirectional flight Garcia Carrillo et al. (2012) . These characteristics have motivated diverse groups to rely on quad rotorcrafts for performing the tasks of load transportation and delivery, in environments with limited space or with complex structural configurations, with very promising results.
UAS-based load transportation
One of the first mathematical models for describing a manned helicopter carrying a cable-suspended load is presented in Stuckey (2001) . Soon after, the interest on performing the same task, but using UAS instead of manned helicopters, produced numerous research. In Maza et al. (2009) a control system is presented for the transportation of a slung load by means of unmanned helicopters. A strategy based on dynamic programming was introduced in Palunko et al. (2012) , with the main objective of enabling a quad rotorcraft UAS to navigate along trajectories ensuring swing-free maneuvering of a suspended load. Another method which has been implemented towards the same goal can be found in Sreenath et al. (2013b,a) . The main limitation of the previously described methodologies is due to the fact that, in order to design and to implement the proposed control strategy, these approaches require full knowledge of the mathematical model of the system.
To overcome this limitation, machine-learning techniques have been recently applied. A model-free strategy based on machine-learning was proposed in Palunko et al. (2013) for driving the load along a trajectory with minimum oscillations. For training purposes, the proposed method requires full knowledge of the trajectory to be flown. Similarly, the authors in Faust et al. (2013) presented a motion planning framework for generating swing-free trajectories for a rotorcraft carrying a suspended load. The methodology relies on a finite-sampling batch reinforcement learning algorithm to train the system for a particular load. Unfortunately, these approaches have the main limitation that they cannot be implemented online in real-time.
Related works concerning the AWPID Controller
Adaptive Wavenet PID (AWPID)-based controllers have been implemented for stabilizing SISO systems Wai and Chang (2002) 
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Main Contributions
The contribution consists of a novel identification and control scheme, which enables a UAS to autonomously trans- port a cable-suspended load of unknown characteristics. The approach includes two features. First, a set of AWPID control gains are tuned based on the novel identification process, which is executed online in real-time. Second, the identification and control schemes are appropriate for MIMO systems with unknown mathematical models, and therefore it can be directly applied to the system without performing additional experimental steps in advance. The method is evaluated in a real-time experiment, where a UAS transported a cable-suspended load of unknown characteristics. The satisfactory performance shown for both target tracking and disturbance rejection demonstrates the effectiveness and applicability of the proposed approach.
Section 2 presents the WNN-based system identification and the controller scheme. A real-time experiment consisting of a UAS carrying a cable-suspended load of unknown characteristics is presented in Section 3. Section 4 provides conclusions and future directions of our work.
WNN-BASED IDENTIFICATION AND CONTROL
The proposed controller architecture is shown in Fig. 1 
System identification
As seen in Fig. 2 , for identification purposes the WNN uses activation functions φ (τ) and ψ(τ), with Mexican hat-type daughter wavelet functions φ j (τ u, j ) and ψ j (τ y, j ), respec-
. Due to their inherent properties of expansion/contraction and translation, the mother wavelet functions φ (τ) and ψ(τ) which generate the daughter wavelets φ j (τ u, j ) and ψ j (τ y, j ), respectively, are represented as Daubechies (1988) :
with
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where r and m are the number of daughter wavelets that uses each structure, w s, j and d s,q represent the weights of each neuron in the WNN, and s indicates the sub-index for theŷ s variables to be estimated.
The WNN parameters are optimized by a least mean square (LMS) algorithm in order to minimize a convex radially unbounded cost function J defined by 
